An idealized three-dimensional model of buoyancy-forced flow in a single hemisphere is used to investigate whether transient diapycnal mixing can sustain the meridional overturning circulation. In the annual mean, mixing transience had little effect on the meridional overturning. When mixing occurred on basin boundaries, the overturning strength was found to be insensitive to mixing transience. For mixing that was highly localized in space away from basin boundaries, oceanic meridional mass and heat transport decreased as mixing became more transient. The increased sensitivity in the highly localized case is likely due to the inhibition of surface heat flux into the thermocline. The dynamic response to transient mixing featured large-scale, internal oscillations that increased in amplitude with the transience of mixing but were confined to the Tropics and had little effect on the overturning cell through midlatitudes. These results indicate that transient diapycnal mixing, with a distribution suggestive of tropical cyclones, can effectively drive a meridional overturning.
Introduction
The mechanisms and distribution of diapycnal mixing are outstanding issues in physical oceanography. Their determination is relevant not only to understanding what drives the meridional overturning circulation (MOC), which plays a critical role in our climate system, but also to forecasting the dispersal of ocean tracers such as dissolved carbon and biological nutrients. Munk (1966;  see also Munk and Wunsch 1998; Ganachaud and Wunsch 2000) inferred that a global average vertical diffusivity on the order of 10 Ϫ4 m 2 s Ϫ1 was necessary to maintain the abyssal stratification against global upwelling. Estimates from microstructure data suggest considerably lower diffusivities of order 10 Ϫ5 m 2 s Ϫ1 in parts of the abyss and in the thermocline, implying that mixing is strongly localized (Toole et al. 1994; Kunze and Sanford 1996; Moum and Osborn 1986) .
One such place where there is both observational and theoretical support for enhanced mixing is in the deep ocean. Abyssal measurements near rough bathymetry have yielded local diffusivities as large as 10 Ϫ1 m 2 s Ϫ1 Polzin et al. 1997; Ferron et al. 1998) , suggesting that internal waves generated by flow over topography are a likely mechanism of diapycnal mixing.
Modeling studies have also shown that flow over rough bathymetry can generate considerable turbulent mixing (Legg 2004 ). Scott and Marotzke (2002, hereinafter SM02) used an idealized three-dimensional model of buoyancy-forced flow to investigate the sensitivity of the MOC to the location of diapycnal mixing. They found that while enhanced abyssal mixing did drive an active abyssal circulation, it did not generate additional flow through the thermocline, producing little change in the MOC's heat transport. Rather, their model results suggest that diapycnal mixing is needed in regions of strong stratification to support a vigorous MOC in the thermocline.
In light of the fact that tropical cyclones efficiently mix the upper ocean and that an estimate of the net ocean heating induced by cyclone mixing amounts to a substantial fraction of the poleward oceanic heat flux, Emanuel (2001) proposed tropical cyclones as an important mechanism of diapycnal mixing. Mixing induced by tropical cyclones would be highly transient, intense, spatially localized, and positioned in the upper ocean. Various studies have explored the sensitivity of he MOC to localized boundary mixing (Marotzke 1997; Samelson 1998; Marotzke and Klinger 2000; Scott 2000; SM02) , seemingly with only minor impact on MOC dynamics as compared with spatially uniform mixing. Hasumi and Suginohara (1999) investigated the effects of enhanced mixing over topography in a global model. SM02 consider an extreme case of localized mixing, that is, in a single column of their ocean model. While the horizontal location of mixing has dynamical
consequences, SM02 found that mixing at low latitudes was effective at generating a vigorous MOC, regardless of the zonal location. In contrast with these studies on spatially varying mixing, however, the sensitivity of the MOC to transience of diapycnal mixing seems completely unexplored.
This study aims to find whether highly transient diapycnal mixing can maintain a strong MOC. Using the idealized model of SM02, we expand upon their ''single column'' and ''boundary'' mixing results by examining the MOC response as mixing is made increasingly transient. One goal of this effort is to provide a concept feasibility test for tropical cyclones as a driving mechanism of the MOC. In more general terms, we seek to establish bounds on the characteristics of mixing that would effectively maintain the MOC.
The remainder of this note is devoted to exploring the numerical model, its results, and its implications. Section 2 describes the model configuration and the experiments that were conducted. Section 3 provides the results of these experiments, considering first the annual mean behavior, second the transient response to intraannual changes in diapycnal mixing, and last the work done by diapycnal mixing. The last section discusses these results in the context of determining the driving mechanisms of the MOC, with special attention given to tropical cyclones.
Methods

a. Model description
The model used here is the same as that used in SM02 with minor modifications. The model is the Modular Ocean Model, beta version 2.0 (MOM 2), a z-coordinate, primitive equation, general circulation model developed by the Geophysical Fluid Dynamics Laboratory and documented in Pacanowski (1996) .
The spatial domain extends from the equator to 64ЊN, is 60Њ wide with the western boundary at 0Њ longitude, and has a constant depth of 4500 m with no topography. The model was run at a spacing of 3.75Њ zonally by 4Њ meridionally, with 16 vertical levels varying in height from 50 m at the surface to 500 m at depth. Although SM02 performed most runs at the higher resolution of 1.875Њ ϫ 2Њ ϫ 30 vertical levels, they noted that results differed little when the lower resolution was used. A representative subset of the experiments described below was conducted at this higher 1.875Њ ϫ 2Њ resolution as a test of numerical convergence. Runs conducted at different resolutions displayed only minor differences in overturning strengths, so that the higher-resolution runs support the results described below.
Integration was performed asynchronously with time steps of 24 h for tracers and 1 h for velocity and density. To confirm that the use of asynchronous integration did not considerably distort the transient response that is central to the results of this study, the run with the most transient forcing was repeated with synchronous integration using a 1-h time step. Comparison revealed that, although the use of asynchronous integration distorted the detailed transient response of the circulation to some extent, the circulation in runs integrated both synchronously and asynchronously averaged to the same state over the course of 1 yr (see section 3 for more details).
In the surface layer, the model was restored to zonally uniform, time-invariant profiles of temperature and salinity that vary meridionally as the cosine of latitude, with peak-to-peak amplitudes of 27ЊC and 1.5, respectively. A restoring time constant of 30 days was used for all runs. A simple time-invariant, zonally uniform, idealized wind stress profile consisted of easterlies across the southern half of the domain and westerlies across the northern half (following Marotzke 1990) . The rigid-lid approximation was employed at the ocean surface.
Diapycnal mixing was applied by changing the value of the vertical diffusivity . The pelagic diffusivity was simulated by using a minimum, background diffusivity of 10 Ϫ5 m 2 s Ϫ1 ; higher diffusivities were used in grid cells for which mixing was desired. For reference, a run conducted with only the minimum background diffusivity produced an overturning of 2.7 Sv (1 Sv ϵ 10 6 m 3 s Ϫ1 ). The effect of mesoscale eddies was parameterized using the scheme of Redi (1982) and Gent and McWilliams (1990) , with zero explicit horizontal diffusion.
b. Experiments
Two categories of runs conducted in SM02 were selected as the basis for this study: runs in which mixing was applied in all grid cells adjacent to a basin boundary and runs in which mixing was applied entirely in a single column of vertical grid cells away from boundaries in the subtropics. In the former case, mixing can be thought to be concentrated primarily along the equator (a boundary in our single-hemisphere ''box''). In the latter case (''highly localized mixing''), the mixing column was centered at 10ЊN and 24.375ЊE. In reality, the mixing that results from tropical cyclones is not likely to be so acutely localized as our highly localized case (see section 4); we consider this case to be an extreme scenario to facilitate a dynamical understanding.
For each of these two categories, a set of runs was performed in which mixing was applied for 12 (the control case), 6, 3, 2, and 1 month of each year. The months in which mixing was applied were contiguous within each year, and was changed as a step function of time between the ''off'' value of 10 Ϫ5 m 2 s Ϫ1 and the ''on'' value used for each particular run (Table 1) , with no variation in the vertical direction. The boundary mixing run with no time variation (12 months per year of mixing) was made similar to experiment A of SM02 by using the same value of in boundary cells (the most noticeable difference being the inclusion of wind in this Boundary mixing 12 months on, 0 off 6 months on, 0 off 3 months on, 9 off 2 months on, 10 off 1 month on, 11 off 5 10 20 30 60
Highly localized mixing 12 months on, 0 off 6 months on, 6 off 3 months on, 9 off 2 months on, 10 off 1 month on, 11 off 160 320 640 960 1920
FIG. 1. Annual mean meridional overturning streamfunction (contours) and zonally averaged temperature (shading) for (a) time-invariant boundary mixing and (b) the most transient case of boundary mixing (all mixing during 1 month per year). Streamfunction contour interval is 1.0 Sv. Temperature contour intervals are 80%, 40%, 20%, 10%, and 5% of the approximate surface-to-bottom temperature differential of 27ЊC. study). For the transient mixing runs, the time-weighted diffusivity of each boundary mixing run was held the same as in this control run. For runs with highly localized mixing, the diffusivities were set so that the areaweighted diffusivity was equal to that of latitudes from 0Њ to 36ЊN for the corresponding boundary mixing run (SM02 found that boundary mixing at latitudes greater than 36ЊN had little effect on the magnitude of the MOC). Thus, in all runs performed for this study, the area-and time-weighted diffusivity for latitudes 0Њ-36ЊN was constant.
Each run was integrated from the respective steady state (i.e., with time-invariant mixing) until a new annual mean equilibrium was reached, as indicated by annual mean spatially averaged ocean-atmosphere heat exchange of 5 ϫ 10 Ϫ3 W m Ϫ2 or less and annual mean overturning within 0.1 Sv of its apparent final value. This required about 300 yr of simulation time.
Model results
a. Annual mean behavior
All boundary mixing runs displayed nearly identical annual mean overturning streamfunctions, with a weak decrease (about 4%) in the strength of overturning as mixing transience increased from the control to the most highly transient case. Figure 1 shows that the annual mean streamfunctions for the control case and the most transient case of boundary mixing exhibit only minor differences. For highly localized mixing, the inverse relationship between overturning strength and mixing transience was considerably stronger, with 25% less overturning for the most transient case than for the control. Figure 2 depicts the effect of increasing mixing transience on the spatial maximum of the annual mean overturning streamfunction.
The surface restoring timescale most likely causes the increased sensitivity of the MOC to transience in the case of highly localized mixing. When surface restoring is effectively limited to a small area (i.e., where vigorous mixing is occurring), this process becomes rate limiting, resulting in a mixing-site SST that is 10Њ-15ЊC lower than nearby grid cells. In more fundamental terms, the restoring time scale effectively limits how fast buoyancy can be pumped into the system through the surface boundary conditions. For time-invariant highly localized mixing, SM02 showed that decreasing the temperature restoring time scale from 30 to 2 days resulted in an increased overturning. We find that with increased mixing transience, this ''bottleneck'' is increasingly effective at limiting the diffusion of buoyancy into the thermocline. It is presumed that the use of more realistic atmosphere-ocean coupling and/or a faithful representation of small-scale horizontal motions in the ocean's mixed layer would reduce this limitation, resulting in less sensitivity to mixing transience. In the boundary mixing case, mixing is spread over a sufficiently large area so that any bottleneck is minimal, even in the case of transient mixing.
The net meridional oceanic heat flux behaved similarly to the total mass transport. Meridional oceanic heat flux was computed as an annual-mean, zonally averaged function of latitude (Fig. 3) . The shape of the heat transport curve as a function of latitude does not vary significantly with mixing transience, at least at the spatial resolution used in this study.
b. Transient response
Figure 4 displays two instantaneous overturning streamfunctions (plotted from runs using synchronous integration) for the most transient case of boundary mixing (the behavior in the highly localized transient run is qualitatively similar). The most notable features of these streamfunctions are the intense overturning cell in the southern 10Њ of the basin that exists when mixing is turned on and the robust overturning cell that occupies the majority of the basin and changes little as mixing is turned on and off. Figure 5 displays the time evolution of the midlatitude spatial maximum of the main overturning cell for the most transient cases of both boundary and highly localized mixing. The intense tropical overturning cell averages nearly to a state of no motion over the course of one year, contributing to the annual mean overturning only through a slight intensification of tropical upwelling.
The intense tropical overturning cell suggests ad- justment to changes in buoyancy forcing through largescale internal waves. Changes in boundary mixing presumably excite boundary-trapped waves [either Kelvin waves or the boundary waves discussed in Killworth (1985) and Winton (1996) ] as well as westward-propagating baroclinic Rossby waves. Highly localized mixing, being located away from boundaries, primarily excites Rossby waves. We expect that boundary waves, with characteristic timescales on the order of months, result in intra-annual fluctuations in the main overturning cell seen in the boundary mixing runs (Fig. 5a ). Such intra-annual fluctuations are virtually absent in the case of highly localized mixing, which requires slower Rossby waves and/or advective processes to propagate the effect of transient mixing. It is interesting to note that in the most transient case of boundary mixing (Fig.  5a ) the overturning peaks shortly before mixing is applied in each annual cycle and then decreases during and for several months after the period of mixing. The dynamics underlying this behavior presumably involve the large-scale wave response, a detailed diagnosis of which is left for future work.
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The principal difference between runs integrated synchronously and asynchronously was seen in the behavior of the tropical overturning cell, which reversed direction several times each year in a large-scale oscillation when asynchronous integration was used. However, this tropical cell had the same contribution to the annual mean overturning irrespective of the integration method. This result indicates that although the use of asynchronous integration distorted wave behavior in the model, it did not affect the annual mean results described above. Synchronous integration would need to be used in any future diagnosis of the detailed internal wave behavior.
c. Mixing energy
Were a constant energy source to supply mixing processes in the ocean, the total work done by mixing would remain fixed as the transience of mixing varied. However, in practice, prescribing a constant mixing power in ocean general circulation models adds complexity and requires additional ad hoc assumptions (Huang 1999) , and therefore the de facto standard is to instead prescribe or parameterize vertical diffusivity. As such, the work done by mixing is a function of both the prescribed diffusivity and the resulting stratification. In this section we calculate the work done by mixing for our experimental runs.
Calculating a potential energy budget for an ocean model that uses a nonlinear equation of state in conjunction with the Boussinesq approximation is problematic: such models conserve volume without conserving mass, and so it is somewhat misleading to equate the quantity gz (where is density and g is gravitational acceleration) with potential energy, because this quantity is not strictly conserved [see McDougall et al. (2002) for a more general discussion of conservation properties in Boussinesq ocean models]. Nevertheless, we have computed the power required for vertical mixing in our runs, on the presumption that errors related to the Boussinesq approximation do not obscure the more fundamental relationship between mixing transience and ocean energetics.
A useful expression for the power P expended in vertical mixing is derived by applying the chain rule to the Lagrangian derivative of in situ density, substituting the parameterized diffusivities for vertical mixing, and manipulating to obtain
where S is salinity and is potential temperature. The spatially integrated power expended in vertical mixing, time-averaged over 1 yr, was computed for each run using Eq.
(1) and is displayed in Fig. 6 . The turbulent energy required to achieve this mixing power will be several times as great as these figures, given that only a fraction of the original input is converted into changes in the potential energy field. Estimating this fraction at 15% (Osborn 1980 ) yields a required turbulent input of about 0.25 and 0.5 TW for the highly localized and boundary mixing runs, respectively. Several terawatts of power are believed to drive global ocean mixing, with roughly 1 TW coming from each of wind work on geostrophic ocean currents (Wunsch 1998 ) and tidal dissipation (Egbert and Ray 2001) . Alford (2001) estimated an additional 0.3 TW flux from winds to near-inertial mixed layer motions between 50ЊN and 50ЊS. It is not obvious how these estimates should be compared with the model results, given that their spatial distributions may differ and that the model overturning and associated heat transport are sensitive to the spatial distribution of mixing (SM02). That is, some of the globally estimated mixing may result in density changes and flow not represented in the model. Nevertheless, after scaling to allow for the fact that the model results are for one-half of a single ocean basin, the required turbulent input computed for the model is of the same order of magnitude as the estimated total global power available for mixing.
The use of asynchronous integration had little effect on the results obtained for annual mean power; for the most transient case of boundary mixing, the results for a run integrated synchronously differed by less than 1% from results for a run integrated asynchronously. Although mixing power, annual mean overturning, and northward heat flux all decrease as mixing becomes more transient, mixing power decreases most significantly, implying that the MOC can be driven more efficiently by highly transient mixing. This result is surprising, although we cannot offer any explanation for this behavior. Further, it underscores our conclusion that highly transient mixing can effectively drive a meridional overturning.
Discussion and conclusions
Climate models generally assume the distribution and intensity of ocean diapycnal mixing to be independent of the climate state. The existence of feedbacks between climate variables and diapycnal mixing could alter the equilibria attained in models and the sensitivity of climate to various forcings. Emanuel (2001) proposed tropical cyclones as a mechanism of wind-driven mixing that is sensitive to climate. To establish the role of tropical cyclones in a feedback between the climate state and the meridional overturning, it must be shown that the distribution or intensity of tropical cyclones varies as a function of some climate variable and that tropical cyclones induce ocean mixing that is capable of driving the MOC. The following discussion addresses these conditions. Note that we do not seek to establish tropical cyclones as phenomena responsible for all, or even most, of global ocean mixing but seek to show that they are one plausible mechanism of generating diapycnal mixing necessary to drive a meridional overturning circulation.
Although there is almost no understanding of the climate parameters that control tropical cyclone frequency (Henderson-Sellers et al. 1998 ), thermodynamic considerations have shown, in good agreement with observations, that the potential intensity of tropical cyclones increases with sea surface temperature (Emanuel 1987; Holland 1997; Tonkin et al. 2000) . Furthermore, the observed cumulative distribution of tropical cyclone intensity implies that any increase in potential intensity would be accompanied by the same fractional increase in actual storm intensities (Emanuel 2000) . It is plausible, then, that the climate state could affect the global average surface wind speeds and pressures associated with tropical cyclones.
A collection of studies suggests that the intense translating wind fields of hurricanes excite the ocean internal wave field to considerable depths with an energy distribution likely to transfer across the wave spectrum to the small dissipation scales needed for diapycnal mixing. The generation of near-inertial-frequency internal waves by hurricanes is supported both by observations (Brooks 1983; Shay and Elsberry 1987) and by modeling work (Geisler 1970; Price 1983 ). Niwa and Hibiya (1997) used a three-dimensional model to show that interactions between near-inertial waves in the wake of a hurricane excite internal waves with frequencies that are 2 and 3 times the local inertial frequency. The correlation of superinertial frequency waves with the times and locations of intense storms is supported by observations (D'Asaro et al. 1995; Niwa and Hibiya 1999) . There is evidence that these low-vertical-mode superinertial-frequency waves supply energy to the internal wave spectrum that cascades down to small dissipation scales, where it can result in shear instabilities and mixing (McComas and Muller 1981; Hibiya et al. 1996 Hibiya et al. , 1998 . Nagasawa et al. (2000) modeled the distribution in the North Pacific Ocean of low-vertical-mode superinertial-frequency waves generated by tropical cyclones and storms and found that their vertically integrated energy is highest during autumn and winter around 10Њ-15ЊN in the western-central North Pacific. They note that microstructure measurements reporting diapycnal diffusivities of 10 Ϫ5 m 2 s Ϫ1 (Gregg 1998 ) may have missed these locations and times of strong mixing. Although many of our experiments applied localized diffusivities that are considerably larger than is likely warranted by the mechanism of internal wave dissipation, they serve to examine the conceptual extreme in which almost all ocean mixing occurs on a highly transient, localized basis. The storm-induced modeled distribution of Nagasawa et al. is more zonally diffuse than our highly localized experiments, suggesting that a more realistic parameterization is likely some middle ground between our highly localized and boundary mixing scenarios.
An alternative to examining the detailed mechanisms of ocean mixing is to consider the net thermodynamic effects of this mixing. Emanuel (2001) estimated that global tropical cyclone activity induces a net ocean heating of 1.4 Ϯ 0.7 PW, which is a substantial fraction of the peak meridional heat flux of 2 PW estimated by Macdonald and Wunsch (1996) . Although it could be argued that lateral fluxes redistribute this enthalpy locally, the results of this study and SM02 show that localized, transient mixing in the tropical thermocline does produce a global response.
The role of the ocean in net global heat transport depends crucially on diapycnal mixing, but existing parameterizations of mixing processes in models largely omit crucial feedbacks between mixing and the climate state. Wind-driven mixing, particularly that induced by tropical cyclones, could take part in such a feedback. The idealized experiments of this study serve as a feasibility test for one part of this feedback, showing that the MOC can be successfully driven by mixing with spatial and temporal distributions suggestive of tropical cyclones.
